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Most of the agencies [1, 2] which use FBMs have their own mix design procedures which are the 3 result of numerous efforts over decades [3] [4] [5] [6] [7] [8] [9] . In spite of all these efforts, foamed bitumen application 4 in cold recycling in the United Kingdom suffers from the lack of a standardised mix design procedure.
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As a result, the mix design parameters such as foam characteristics, mixing, compaction, curing and 6 testing that are being adopted are far from being standardised. To overcome this, research had been 7 undertaken at the University of Nottingham by Sunarjono (2008) [10] to develop a mix design 8 procedure by identifying critical mix design parameters. The research by Sunarjono focussed on the 9 influence of the bitumen type, the foaming conditions, foam characteristics and mixer type on the 10 mechanical properties of FBM. The major outcomes of the work were recommendations for 11 producing an optimised FBM in terms of mixer type and usage, selection of binder type, bitumen 12 temperature, and foam characteristics. Therefore this present study focussed on other mix design 13 parameters such as foamed bitumen content, MWC, and compaction effort. Thus, the primary 14 objective of the present study is to propose a practical and consistent mix design procedure with 15 emphasis on the use of the gyratory compactor.
16
The amount of water during mixing and compaction is considered as one of the most important 17 parameters in FBM mix design [11, 12] . The MWC of FBM is defined as the water content in the 18 aggregate when the foamed bitumen is injected. This helps in dispersion of the mastic in the mix [3, 19 13 ]. However, too much water causes granular agglomerations which do not yield optimum dispersion 20 of the mastic in the mix [14, 15] . In view of this fact many studies have been focussed on the 21 optimisation of MWC. Lee (1981) [16] and Bissada (1987) [17] optimised MWC with reference to
22
Marshall stability and found that the optimum MWC is very much dependent on other mix design 23 variables such as the amount of fines and bitumen content. Sakr and Mank (1985) [18] related the 24 MWC to other mix design variables and recommended a relationship among them to obtain optimum 25 MWC. However, this work was performed on a foamed bitumen stabilised sand mixture which did 26 not have any coarser fractions of aggregate. Moreover, the work was based on optimising the density, 27 without considering any mechanical properties. The concept of optimum fluid content was later 28 borrowed from emulsion mix design in which the sum of the water and bitumen content should be 29 close to OWC [5, 19] obtained by the modified Proctor test. This concept considers the lubricating 30 action of the binder in addition to that of water. Thus the actual water content of the mix for optimum 31 compaction is reduced in equal measure to the amount of bitumen incorporated. However, the work of 32 Kim and Lee (2006) [8] and Xu et al., (2012) [12] , who optimised MWC based on both density 33 criteria and fundamental tests (ITS and tri-axial tests) on FBM Marshall specimens, calls into question 34 the lubricating action of bitumen in the mix. Although the above discussed works are very 35 informative, they have their limitations and little attention has been paid to optimising MWC using 36 gyratory compaction. Therefore, the present work was aimed at obtaining a rational range of MWC 37 for mix design with the help of fundamental tests such as ITS (BS EN 12697-23:2003) specified by the above mentioned references are presented in Table 3 . As can be seen from the table   20 the standard deviations are well below the specified maximum limits which suggests the homogeneity 21 of the RAP used in the study was acceptable. It has to be noted that both the references suggest testing at the test temperature. The results of the tests are presented in Figure 3 . As can be seen from the 12 figure, the coefficient of fragmentation has not followed any trend, which indicates that the test results
13
are not, as might have been expected, temperature dependent. 
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A detailed experimental design was prepared for the study and is tabulated in 
23
Hence, dry density (ρd) was used instead of bulk density (ρb) in Eq (1) 
6
Then the mixtures were compacted to 200 gyrations and densities were plotted against number of 7 gyrations as shown in Figure 9 . From the data, the number of gyrations required to reach modified 8
Proctor density was identified as can be seen in Figure 9 . To study the optimum compaction effort and 9 to obtain the design number of gyrations (Ndesign), the changing height was recorded from the gyratory 10 compactor during compaction. From the height data, density was calculated and plotted against 11 number of gyrations ( Figure 9 ). The marks on the curves are the target densities that were obtained 12 from modified Proctor data. It can be seen from the plots that, though the target densities were 13 different, the number of gyrations required to compact to those target densities are in a similar range. give optimum water content. However, that optimum differs only slightly from one bitumen content 1 to another, implying that the bitumen hardly contributes to the 'fluid' needed for compaction. The 2 same effect can be seen in terms of volumetrics in Figure 11 , where VMA is plotted against total fluid 3 (water + bitumen). The optimum shifts to the right in steps and the shift is around 1% for the 2%, 3%, 4 4%, 5% FB curves, again implying negligible contribution from the bitumen.
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A similar picture is obtained from the volumetrics of gyratory compacted specimens. To study 6 the gyratory compaction, the FBMs were compacted to 140 gyrations with an angle of gyration of 7 1.25°, compaction pressure of 600kPa and 30 revolutions per minute. The compactability was studied 8 using weight-volume relationships and voids in aggregate (VMA) as calculated by Eq.1. VMA at 140 9 gyrations for mixtures with different bitumen content is plotted against MWC (dashed lines) in Figure   10 10 (each point is an average of five data points), alongside the data from modified Proctor compaction 11 (solid lines). As can be seen from the figure, the VMA of the specimens at optimum was almost the 12 same in the two cases, very slightly greater for modified Proctor compaction, and it increased as the 13 foamed bitumen content increased. The optimum water content was also typically slightly higher in 14 the case of gyratory compaction, thought to be due to the significant difference in the way the two 15 compaction processes operate.
16
Overall however, the clear implication is that the bitumen gives minimal contribution during 17 compaction and that this phenomenon is observed for both the compaction methods that were 18 considered. Thus, the total fluid content, which has been successfully used in bitumen emulsion mix and it was assumed that the presence of RAP would not affect the design FB content (an assumption 10 that was later shown to be incorrect). The specimens were cured as discussed for 100%VA-FBMs.
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The results of mechanical tests carried out on cured specimens are presented in Figure 12 . These tests 
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To validate the Ndesign, the aggregates with RAP were mixed and compacted with 0%, 3%, 4%
19
of foamed bitumen and the density data is plotted in Figure 13 . The results of mechanical tests on the mixtures that were compacted at optimum MWC (80% of 7 OWC) and to Ndesign, and varying FB content, are plotted in Figure 14 . 
27
As can be seen in Figure 15 aggregate temperature has significance influence on compaction Consequently, less time is available for foamed bitumen to interact with the aggregate resulting in 7 poor coating of the aggregate particles and inconsistent dispersion of the mastic in the mixture. As can 8 be seen in Figure 15 the high temperature aggregates resulted in lower air voids in the resulting 9 specimens. These higher densities (low air voids) could be associated with better compactability of 10 the mixture at higher temperatures. As discussed the higher aggregate temperatures resulted in 11 mixtures with relatively higher temperatures which helps in obtaining denser specimens [3, 14] .
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However, it has to be noted that the difference in densities between aggregate temperatures of 20°C 
20
This work also evaluated the validity of the total fluid (water + bitumen) concept which is 21 widely used in bitumen-emulsion treated mixes. It was observed that the bitumen gives minimal 22 contribution during compaction and that this phenomenon was observed for both the compaction 23 methods that were considered. Thus, the total fluid content, which has been successfully used in 24 bitumen emulsion mix design is not a valid parameter in FBM mix design.
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